Norway rats (Rattus norvegicus) are reservoir hosts for zoonotic pathogens that cause significant morbidity and mortality in humans. Studies evaluating the prevalence of zoonotic pathogens in tropical Norway rat populations are rare, and data on co-infection with multiple pathogens are nonexistent. Herein, we describe the prevalence of leptospiral carriage, Seoul virus (SEOV), and Bartonella spp. infection independently, in addition to the rates of co-infection among urban, slum-dwelling Norway rats in Salvador, Brazil, trapped during the rainy season from June to August of 2010. These data were complemented with previously unpublished Leptospira and SEOV prevalence information collected in 1998. Immunofluorescence staining of kidney impressions was used to identify Leptospira interrogans in 2010, whereas isolation was used in 1998, and western blotting was used to detect SEOV antibodies in 2010, whereas enzyme-linked immunosorbent assay (ELISA) was used in 1998: in 2010, Bartonella spp. were isolated from a subsample of rats. The most common pathogen in both years was Leptospira spp. (83%, n = 142 in 1998, 63%, n = 84 in 2010). SEOV was detected in 18% of individuals in both 1998 and 2010 (n = 78 in 1998; n = 73 in 2010), and two species of Bartonella were isolated from 5 of 26 rats (19%) tested in 2010. The prevalence of all agents increased significantly with rat mass/age. Acquisition of Leptospira spp. occurred at a younger mass/age than SEOV and Bartonella spp. infection, suggesting differences in the transmission dynamics of these pathogens. These data indicate that Norway rats in Salvador serve as reservoir hosts for all three of these zoonotic pathogens and that the high prevalence of leptospiral carriage in Salvador rats poses a high degree of risk to human health.
Introduction
T he Norway rat (Rattus norvegicus) is one of the most successful invasive vertebrates, inhabiting both urban and rural habitats. High densities of Norway rats are often found in low-income neighborhoods in populous cities (Childs et al. 1998 , Glass et al. 2009 ). In addition to their importance as a commensal pest species, Norway rats serve as reservoir hosts for a number of zoonotic, bacterial, and viral pathogens that cause disease in humans, including Leptospira spp., Seoul virus (SEOV), and Bartonella spp. (Gratz 1994 , Mills 1999 , Kosoy et al. 2010 . Although the prevalence and patterns of acquisition of these zoonotic pathogens in Norway rat populations have been described from a handful of urban locations in the United States and Europe (Webster et al. 1995 , Macdonald 1999 , Battersby et al. 2002 , Easterbrook et al. 2007 , Antoniou et al. 2010 , similar reports on these co-circulating pathogens from tropical, developing countries are unavailable.
Over 30% of the world's urban population lives in slums. Projections estimate that this number will increase to two billion people over the next 30 years (UN-HABITAT 2003) . In Brazil, 37% of the population reside in slums ( favelas) (UN-HABITAT 2003) , where poverty, overcrowding, and sanitary deficiencies provide an ideal environment for Norway rats and promote close interactions with humans. In this setting, the risk for transmission of zoonotic pathogens is enhanced (Meyer 2003 , Taylor et al. 2008 .
The most frequently reported zoonotic disease within Brazilian slums is leptospirosis (Ko et al. 1999 , Sarkar et al. 2002 , Gouveia et al. 2008 , Reis et al. 2008 ) with an annual incidence of reported and confirmed cases of exceeding 10,000 per year (Health Surveillance Secretary 2007) ; the true morbidity and mortality far exceeds this figure because many infections go unreported (Reis et al. 2008) . Spirochetes of the genus Leptospira colonize the renal tubules of Norway rats (Ko et al. 2009 ) and are shed in urine. Human infection is most often related to contact with rat urine-contaminated water or soil. Many tropical cities areas experience epidemics of leptospirosis during periods of high rainfall and flooding; outbreaks occur annually during the winter rainy season in Salvador (Ko et al. 1999 , Sarkar et al. 2002 . Although leptospirosis has been monitored for decades within Salvador, other zoonotic pathogens of rats capable of causing human disease such as SEOV and Bartonella spp, have received little or no attention, and no information on co-infection within Norway rats in Brazil exists.
There is no formal surveillance for SEOV, and the lack of medical awareness, in addition to the inability to confirm cases on site by field or local laboratory diagnosis, precludes any estimates of disease burden (Santos and Garrett 2005) . SEOV virus has been detected in Norway rats from Asia, Europe, and the Americas (Sanfeliu et al. 2011 ), including Brazil (LeDuc et al. 1985 . However, laboratory-confirmed human cases outside of Asia are not frequent (Sanfeliu et al. 2011) , and few cases have been reported in Brazil (Clement et al. 1999) .
Diseases caused by Bartonella spp. are rarely investigated in Brazil, and only sparse data on human infections caused by a few of the pathogenic species of Bartonella have been published. Rat-associated Bartonella spp. have not been identified in Brazil (Lamas et al. 2008 , Lamas et al. 2010 .
Herein, we describe the results from field and laboratory studies of slum-dwelling Norway rats, conducted in Salvador, documenting the prevalence and occurrence of co-infections caused by Leptospira spp., SEOV, and Bartonella spp. Of note, we demonstrate that the patterns of infection by leptospires and SEOV conducted in 1998 and 2010 were nearly identical over 12 years; we describe the first Bartonella spp. isolated from Brazilian rats and show that different pathogen/antibody detection methods provided indistinguishable results.
Materials and Methods

Study sites
Salvador, Brazil, with more than 2.7 million inhabitants is the third most populous city in Brazil (Instituto Brasileiro de Geografia e Estatística 2007). Study sites for rat sampling targeted three slum areas within communities participating in an active leptospirosis surveillance program; Pau da Lima (13°32'53.47'' S; 38°43'51.10'' W), Valeria (13°26'19.65''S; 38°44'03.90''W) , and Sete de Abril (13°31'19.63'' S; 38°43'24.69'' W) (Ko et al. 1999) . Each area experienced high annual incidences leptospirosis in 2010 (10.4, 10.1, and 23.3/ 100,000, respectively) (M. Reis and A.I. Ko, unpublished data) .
Data collection
Live R. norvegicus were captured in June, July, and August of 2010 by placing three to five Tomahawk traps at each of six to eight contiguous households; ten trap sites, six in Pau da lima, three in Sete de Abril, and one in Valeria, were selected (Porter et al., submitted) . Traps were set before sundown and collected at sunrise. Traps containing rats were doublebagged and transported to an outdoor processing site where animals were handled and tissues obtained according to Centers for Disease Control and Prevention (CDC) guidelines (Mills et al. 1995) .
Animals were euthanized with thiopental solution and then weighed, sexed, and examined for sexual maturity and for scars and wounds, which were scored on a five-point qualitative scale, as previously described ). Blood was obtained by cardiac puncture, and kidneys were removed for pathogen determinations as described below. All animal procedures and methods were approved by the Institutional Animal Care and Use Committee (IACUC) committee at the Oswaldo Cruz Foundation (Salvador, Brazil).
Pathogen survey
In 2010, kidney imprints were obtained by exerting pressure of the cut surface of a kidney onto poly-l-lysine-coated glass slides, as previously described (Chagas-Junior et al. 2009 ). Slides were dried at room temperature and fixed in acetone (3 min) prior to incubation (1 h) with a primary rabbit polyclonal anti-leptospiral antibody at a dilution of 1:200. Following three phosphate-buffered saline (PBS) washes, the slides were incubated (1 h) with goat anti-rabbit immunoglobulin G-fluorescein isothiocyanate (IgG-FITC) conjugate at a 1:500 dilution. After final washings, the slides were dried and examined for leptospires using fluorescent microscopy. Positive samples were determined by microscopic observation of intact leptospires. The results obtained were compared to findings from the 1998 study, which employed isolation of leptospires on Ellinghausen-McCullough-Johnson-Harris (EMJH) medium (Difco, USA), as previously described (de Faria et al. 2008) .
In 2010, serum antibodies to SEOV were detected using a commercially available modified western blotting procedure (Hjelle et al. 1997) in which differential antibody binding to three hantaviral antigens (SEOV, Andes virus, and Sin Nombre virus), previously adsorbed on the strips, was determined by visualization of the density of band staining. Using an eight-well western blot, rodent sera were diluted (1:200) in 1 mL of 5% PET blocking reagent in a Blotto solution, prior to adding antigen strips. After a 4-h incubation, strips were washed three times in 1 mL of washing buffer (0.1 M saline, 10 mM NaPO 4 pH, 7.4, 0.1% Triton/DOC). Strips were left in Blotto solution for 10 min. This solution was then replaced with a Blotto solution containing 1:1000 anti-rat IgG, alkaline phosphatase (AP) labeled, and allowed to incubate for 1 h, after which strips were washed three times using 1 mL of washing buffer. Antigen-antibody bands were visualized by addition of the developer solution blue tetrazolium chloride-5-bromo-4-chloro-3-indolyl phosphate (NBT-BCIP), and reactive samples were identified by color density compared to standard controls consisting of a SEOVpositive and -negative Norway rat sera. The previously unpublished SEOV antibody results from the 1998 study, determined by enzyme-linked immunosorbent assay (ELISA) (described in detail in Easterbrook et al. 2007) , were compared with regard to prevalence and co-infection infection and mass/age-specific acquisition of infection.
Bartonella spp. were isolated and characterized at the CDC Fort Collins campus using methods previously described (Kosoy et al. 2004) . Briefly, 0.1 mL of whole blood, diluted 1:4 in brain-heart infusion (BHI) medium (BBL, Becton Dickinson Microbiology System), was placed on agar plates and incubated at 35°C in an aerobic atmosphere of 5% CO 2 . Plates were held for 8-20 days, and viable Bartonella-like colonies were identified. Confirmation and characterization of the infecting Bartonella spp. was determined by sequencing the partial citrate synthase gene gltA obtained by PCR, as previously described (Kosoy et al. 1997 ).
Inclusion of additional animals
In a previous 1998 study conducted in Salvador (de Faria et al. 2008) , 114 isolates of Leptospira were obtained from 142 (80.3% positive) Norway rats sampled. These rats were captured from households in which an individual with severe leptospirosis had resided. The results of SEOV testing of sera from these rats by ELISA (Feldmann et al. 1993) were not reported at that time and are included herein. No rats were tested for Bartonella in 1998.
Statistical analysis
To assess whether the observed co-infection prevalence was different from expected values, we multiplied the prevalence of each individual pathogen by its prevalence in co-infected individuals and evaluated the outcomes for significance by using two-sided chi-squared or Fisher exact tests. Correlation analyses of pathogen prevalence by mass were assessed by Pearson product moment tests after binning rat mass/age into three 200-gram intervals (juveniles were classified < 200 grams, young adults were 200-399 grams, and adults were ‡ 400 grams). This stratification of body mass/age facilitated comparison with previously published results from Baltimore, MD (Easterbrook et al. 2007 ) and was only used after confirming that these same maturation categories held for rats trapped within Salvador (Porter et al., submitted) .
A logistic regression model of infection status by various co-variates included only the 2010 data, because the 1998 database was missing values (wounding, reproductive status, and Bartonella infection). After stratification of the data using demographic features of the rodent population, including mass/age, sex, and reproductive status (pregnancy for females and scrotal testes for males), we computed bivariate odds ratios (ORs) and adjusted ORs (after multivariable logistic regression) using EpiInfo (version 3.5.1, CDC, Atlanta, GA). Variable associations with outcomes were considered statistically significant when 95% confidence intervals (CI) did not include the value 1. Following the bivariate analysis, the variables meeting our inclusion criteria were retained for analysis by a multivariable logistic regression using a backward elimination strategy to develop our final model by excluding co-variates determined not to be significant at the p < 0.05 value. In the final model, mass was evaluated as a continuous variable.
Results
Prevalence and co-infection of zoonotic pathogens
Leptospira spp. were the most prevalent pathogens among rats in 2010 (53/84; 63.1%; Table 1 ). The overall prevalence of leptospiral isolation in 1998 (114/142; 83%) was significantly higher when compared with indirect fluorescent antibody (IFA) results from 2010 (v 2 = 7.76, p < 0.005), although this difference was not significant after adjustments for mass/age. Although culture isolation of leptospires was not performed in 2010, data from 1998 indicate that Leptospira interrogans serovar Copenhageni was the only serovar circulating in Norway rat populations in Salvador at that time. It is unlikely that other serovars occur at any frequency because Copenhageni is the serovar isolated from humans within our study areas.
Antibodies against SEOV were detected in 13 of 73 rats (17.8%) in 2010 by western blotting, whereas SEOV was detected by ELISA in 17.9% (14/78) of rats captured in 1998. Infection with Bartonella spp. was confirmed in five of 26 rats (19.2%) in 2010, whereas no data are available from the 2008 sample. Isolates from four of the five positive rats from 2010 were identified as B. queenslandensis; the other isolate was B. tribocorum.
Leptospira spp.-positive animals were found in all 10 trap locations, in all three neighborhoods sampled in 2010; carriage prevalence varied between 50% and 100%. SEOVpositive rats were found in three of 10 trap locations. Among SEOV-positive sites, the prevalence was 14% (2/14) in Pau da Lima and 60% (6/10) in Sete de Abril. Bartonella-infected animals were found in two out of five trap sites from which rat blood clots were tested in the neighborhood of Pau da Lima.
There were no significant differences between observed and expected prevalence for co-infection by Leptospira spp. or SEOV (1998 and 2010 data included), or for Leptospira spp. and SEOV with Bartonella spp. (2010 only), or a three-way coinfection (Table 1) .
Prevalence by sex
Comparable numbers of males (n = 40) and females (n = 44) were captured in 2010 and 1998 (76 males and 65 females) (v 2 = 0.83, p > 0.36), and there were no significant difference in the number of males or females trapped by age class (juvenile, young adult, adult) in either sampling year ( p > 0.05 for each matched comparison). There was no significant difference in the prevalence of leptospiral carriage (v 2 = 0.71, p > 0.05), prevalence of SEOV antibodies (v 2 = 2.01, p > 0.05) or isolation of Bartonella spp. (v 2 = 0.09, p > 0.05) by sex in the 2010 study. However, female rats from the 1998 sample had a significantly higher prevalence of leptospiral carriage than males (OR 4.8; CI 1.7-13.8) (de Faria et al. 2008 ). More male rats from 2010 were seropositive for SEOV (25.6%, 10/39) than females (10.5%, 4/38), but this difference was not statistically significant (v 2 = 2.95, p = 0.08). Female and male rats from 1998 had equivalent SEOV prevalence (25%, 10/40 and 26%, 10/ 38, respectively).
Body size and sexual maturity
In both the 2010 and 1998 samples, prevalence of leptospiral carriage increased by mass/age class and the infection acquisition curves were notably convex (Fig. 1) . Prevalence was significantly higher in adults and young adults compared to juveniles (v 2 = 8.71, p < 0.005; 2010) and (v 2 = 12.56, p < 0.005; 1998). After stratification by mass/age class, there were no significant differences in prevalence among rats captured in 2010 and 1998 ( p > 0.05 for each matched comparison). As the patterns of acquisition and age-stratified prevalence of leptospiral infection did not differ between 2010 and 1998, we combined these data (N = 226) to derive a finer scale sexage-mass stratification (Fig. 2) . As anticipated by the mass/age association with leptospiral prevalence (Fig. 1) , leptospiral carriage in 2010 was higher in males with coiled epididymis (67.7%, 21/31) compared to animals with uncoiled epididymis (22.2%, 2/9: v 2 = 5.91, p £ 0.05), and pregnant subadult or adult females had a higher prevalence (80.0%; n = 20) of leptospiral carriage compared to nonpregnant females (61.15%; n = 13), although this association was not significant (v 2 = 1.35, p = 0.242) ( Table 2 ).
The prevalence of SEOV was significantly higher in adult rats compared to juveniles and young adults (v 2 = 9.01, p < 0.005) for pooled data from 2010 and 1998. Prevalence of Bartonella sp. was also significantly higher in adults compared to juveniles and young adults (Fischer exact test, p < 0.034) ( Table 2) .
Wounding
Wounds were identified in 55% of rats; 45% presented minor to moderate wounding and 10% were classified as having extensive wounds. Males and females presented similar wounding rates (54% and 57%, respectively). For the 2010 sample, the prevalence of leptospiral carriage and presence of SEOV antibodies increased with wounding score (OR = 3.4, 95% CI = 1.3-8.4 and OR = 10.5, 95% CI = 1.3-85.9, respectively). Bartonella prevalence was not associated with wounding (OR = 3.0, CI = 0.2-31.6) ( Table 2 ). Data on wounding score was not collected for the 1998 sample.
Mulivariate analysis
Due to co-linearity between reproductive status and mass in both male and female rats, only body mass was included in the final logistic regression model. Body mass and wounding were independently associated with both the prevalence of leptospiral carriage and antibodies to SEOV, whereas only body mass was significantly associated with Bartonella spp. infection (Table 2) .
Discussion
Before a broader discussion, we highlight three major findings and conclusions obtained from the data analyses of zoonotic pathogen prevalence and co-infection among Norway rats described in this article. First, the prevalence of Leptospira spp. was greater than that of SEOV antibodies, and similar infection patterns were obtained in 1998 and 2010. Although the overall infection prevalence of leptopires was higher in 1998, possibly due to the targeted trapping of rats from households in which a human case of leptospirosis had occurred, this difference disappeared after stratifying by the three mass/age groups. The prevalence of antibodies to SEOV was identical in 2010 and 1998. These findings suggest that these zoonotic pathogens were maintained at a stable frequency over this 12-year interval. Second, infection prevalence of all three pathogens increased with host mass/age. However, prevalence estimates suggest different dynamics of pathogen acquisition, with leptospiral infection occurring early in life and continuing into adulthood (convex acquisition curve), whereas SEOV and Bartonella spp. infections were absent among juveniles and rare in subadults (concave acquisition curves). Finally, results obtained in 2010 using assays different than those employed in 1998 were consistent and indistinguishable after mass/age stratification, indicating these different methods may be interchanged without concern of obtaining different results.
The three pathogens described in this study have each been demonstrated to cause serious, sometimes fatal, disease in humans (Iversson et al. 1992 , Ko et al. 1999 , Kosoy et al. 2010 , but data on co-infection among tropical rat populations was unavailable. Although Norway rats are reservoir hosts for many other zoonotic pathogens, these three agents were selected because similar co-infection studies have been conducted in Baltimore, Maryland, making a comparison of temperate and tropical urban rat populations possible NA, not applicable; NS, not significant. (Easterbrook et al. 2007 ). To our knowledge, our results are not only the first data on co-infection among urban tropical Norway rats but also the first study to compare outcomes to values obtained from a temperate-zone city.
The prevalence of leptospiral carriage in 2010 ranged from 50% to 100% among sites, and 80.3% of rats sampled in 1998 were positive. An early study of leptospiral carriage in Norway rats of Salvador, as determined by silver impregnation of kidney samples (Andrade 1954) , reported 29% positive rats. This difference could indicate an increase in infected rodents over the last 50 years, but variation in sampling and diagnostic procedures, or in the demographic profile of rats tested preclude any conclusions.
The mass/age-specific prevalence relationships for leptospiral and SEOV infection were identical between rats sampled in 2010 and 1998 (Fig. 1) . Infection acquisition with Leptospira spp. among rats occurred earlier in life (present among juveniles < 200 grams) than infection by SEOV or Bartonella spp., suggesting that the dynamics of pathogen acquisition varies with the agent. Wounding grade was positively associated with higher prevalence of leptospiral carriage and SEOV antibody in Salvador rats (Table 2 ). This pattern is well established for SEOV infection among North American Norway rats, although no data for such an association for leptospires have previously been published to our knowledge. Intraspecific aggression has been hypothesized as a mechanism of SEOV transmission due to the exposure to infected saliva in bite wounding (Kawamata 1987 , Klein 2002 . Although leptospiral shedding in saliva has not been demonstrated, the presence of wounds could increase the risk for acquisition through abraded skin, as has been reported for humans (Phraisuwan et al. 2002) .
Increasing mass/age-related acquisition of one or more pathogens among Norway rats has been previously documented by other studies in Brazil and in temperate-zone cities in Argentina (Vanasco et al. 2003 , de Faria et al. 2008 ). This consistent pattern of infection acquisition has been hypothesized to be the result of the continual risk of infection over time, starting when young rats ( < 50 grams) leave the nest environment and disperse from natal sites (Klein 2002 , Vanasco et al. 2003 , Easterbrook et al. 2007 ). Although the mass/ age-specific prevalence curves from Salvador suggest different mass/age dynamics of infection for Leptospira spp. and SEOV when compared to results from Baltimore, female-biased increased infection prevalence with Leptospira spp. was observed in our study (Fig. 2) and was previously found in Baltimore (Easterbrook et al. 2007 ).
Rats infected with SEOV have been found worldwide (LeDuc et al. 1986 ). Sporadic cases of human disease caused by SEOV have been documented in several countries outside of Korea (Clement et al. 1994 , Clement et al. 1997 , Chow et al. 2005 , and human disease has been identified in Salvador (A.I. Ko, unpublished data) and other Brazilian cities (LeDuc et al. 1985 , Iversson et al. 1992 , Katz et al. 2001 ). Antibodies to SEOV were previously documented among R. norvegicus and R. rattus captured in the Brazilian cities of Recife (6%), Sao Paulo (14%), and Belen (56%) (LeDuc et al. 1985) . The seroprevalence of SEOV estimated in this study (17.3%) was similar to previous findings from Brazil but represented far lower figures than from the United States (Hinson 2004 , Easterbrook et al. 2005 , Easterbrook et al. 2007 , where overall, 50% of rats were infected. However, the absence of sex differences in infection prevalence with SEOV found in Salvador was consistent with previous reports from Baltimore , Childs et al. 1998 , Klein 2002 , Easterbrook et al. 2007 .
Although human disease caused by rat-associated Bartonella has not been described from Salvador, rat-associated Bartonella are potential human pathogens elsewhere (Kosoy et al. 2010) . This is the first report of the isolation of Bartonella spp. from Norway rats in Brazil. Although only five isolates of Bartonella were obtained, the finding of two different species, B. queenslandensis and B. tribocorum, among our small sample of rats from Salvador was unexpected. Infection with B. queenslandensis has been demonstrated from rats in Australia (Gundi et al. 2009 ), while B. tribocorum is associated with rats from Thailand (Bai et al. 2009 ). Although both species were found in the same rat population sampled from Los Angeles, California (Gundi et al. 2012) , only one rat was infected with B. queenslandensis compared to 54 rats infected with B. tribocorum. In Salvador, four rats were infected with B. queenslandensis and a single rat with B. tribocorum. Infection in Salvador rats mirrored SEOV antibody prevalence and suggested a mass/age-specific increase in Bartonella spp. infection (Fig. 1) . However, data on Bartonella spp. infection from Baltimore suggests no relationship between mass/age and prevalence (Easterbrook et al. 2007 ). As such, the conclusions drawn from our results are premature as the number of rats tested for Bartonella spp. infection in Salvador, n = 26, was too small to identify reliable trends.
Cross-sectional studies have repeatedly demonstrated that Norway rats serve as important reservoirs of Leptospira spp. in Salvador (Ko et al. 1999 , Pereira et al. 2000 , Sarkar et al. 2002 , Matthias et al. 2008 , Reis et al. 2008 . However, all of these studies, including our own, were short studies that were not designed to capture the temporal or spatial dynamics of pathogen transmission and acquisition. Human leptospirosis is strongly associated with the rainy winter season in Salvador (Ko et al. 1999) , and seasonally related demographic shifts in Norway rat population structure could influence the dynamics of pathogen acquisition, carriage prevalence, and shedding. Thereby, changes in rat demography, pathogen populations, and environmental factors could alter the risk for human infection. Future studies examining and linking observations obtained from studying the complex ecology of leptospiral carriage in Norway rats will not only clarify our understanding of the epidemiology of human disease but should provide spatio-temporal information to better inform control efforts.
